Partition coefficients for -1, -2, -3, +1, +2, +3, +4 and +5 valent ions between the groundmass of tholeiite basalt and coexisting olivine and plagioclase phenocrysts from the Mid-Atlantic Ridge have been determined by secondary ion mass spectrometry. The present cation partitioning strongly supports the "crystal structure control" mechanism . The partition coefficient for an anion is also under control of the crystal structure, so that each of the cation and anion positions in the crystal structure gives rise to a parabola-shaped peak on the partition coefficient vs. ionic radius diagram.
INTRODUCTION
strain model (TSANG et al., 1978) . MATSUI et al. (1977) ONUMA et al. (1968) found that partition partition coefficients of the previous works have coefficients for cations between pyroxenes been measured by the bulk analysis of each (augite and bronzite) and groundmass formed phenocryst and groundmass after phase separa parabola-shaped peaks on partition coefficient tion. The previous method only assumed that ionic radius (PC-IR or ONUMA) diagrams, and the separated phenocryst and groundmass are similar peaks on PC-IR diagrams have been in equilibrium, though the zoning and inclusions reported for other mineral/groundmass systems are common features in phenocrysts which do (HIGUCHI and NAGASAWA, 1969; JENSEN, 1973 ; not favor this assumption. However, the analy MATSUI et al., 1977; PHILPOTTS, 1978 ; ONUMA sis using secondary ion mass spectrometry et al., 1981) . The results give strong support (SIMS) can analyze major and trace elements to the idea proposed by ONUMA et al. (1968) (including anions) in a micro area of material. that each type of coordination polyhedron Therefore, in SIMS analysis, it is possible to around cations gives rise to a parabola-shaped evaluated whether equilibrium is achieved or peak for cations with the same valence on the not on either side of phenocryst/groundmass PC-IR diagram and each peak tends to parallel contact. those for ions of other valences. Further
In this paper, we have measured mineral/ ONUMA et al. (1968) proposed that the positions groundmass partition coefficients of many of peak-tops for a given site can be regarded as anions and cations in a mid-ocean ridge basalt being characteristic of the structure of the using SIMS. This is the first report of PC-IR relevant mineral. The theoretical treatment diagrams that include anions in olivine and was done on the basis of simple isotropic bulk plagioclase groundmass systems. strain model (NAGASAWA, 1966) or ionic lattice
EXPERIMENTAL

Sample
Almost all anions studied are among the so-called volatile elements, so that for minimizing the effect of possible degassing of volatile elements from magma during and after eruption and later secondary contamination, a quenched-rim part of mid-ocean ridge basalt was used for the sample of the SIMS experiments. The sample is a phyric olivine-plagioclase basalt that consists of clear basaltic glass and crystals, from Hole 396B, IOPD/DSDP Leg 46; the petrography was described previously (SATO et al., 1978) . Mineral/groundmass partition coefficients are based on measurements on both sides of the mineral-glass boundary using SIMS and an electron micro-probe analyzer (EPMA).
SIMS Analysis
The instrument used in this study was the Cameca IMS-3f ion micro analyzer at the Chemical Analysis Center of the University of Tsukuba. The vacuum of the sample chamber and the mass spectrometer were maintained at 3 and 0.5µPa, respectively, during the measurement. Oxygen gas with a purity of more than 99.99% was supplied to the duoplasmatron to generate the primary ion beam which was composed mostly of negatively charged monovalent oxygen (O) ions.
The primary high voltage used in this study was 9.3kV for secondary positive-ion detection and 12.0kV for secondary negative-ion detec tion. The secondary high voltage used was 4.5kV for both detection.
Therefore, the net primary ion beam accelerating energy was 13.8 keV (for the secondary positive-ion) and 7.5keV
(for the secondary negative-ion).
The beam was focused on the sample surface with a dia meter of 15-20µm on the gold-coated surface of a polished thin section and the current was ranging from 5 to lOnA. For instrumental reasons, it was not possible to monitor the fluctuation of the primary beam current during the analysis.
However, since the drift of the primary beam current was less than 2% for a current measurement of over 10 minutes, the average of the current values measured before and after the analysis for an isotope could be used with satisfactory accuracy as the primary beam current value during the analysis.
The secondary ions were measured by an electron multiplier coupled with pulse-counting circuitry. Dead time of the electron multiplier was measured as 50ns and the corrections were negligible for count rates less than 106 counts/s. Background of the electron multiplier was 0.2 ± 0.1 counts/s.
One of the major problems to SIMS analysis for most oxide materials is the large abundance of molecular ions. The possible interferences on olivine, plagioclase and basaltic glass with a mass resolution over about 4,000 are listed in Table 1 . In this table, the degree of interfer ences are calculated on the basis of the observa tions and the natural isotopic abundances. In this experimental condition, single charged oxide and hydride interferences were less than 1% of the monatomic ion intensities and dimer molecules were less than 0.1% of the monatomic ion intensities. Single charged carbide inter ferences were not observed and more complex ion species are expected to be less than 0.01% of the monatomic ion intensities. In order to eliminate the effect of the molecular-ion inter ferences, the secondary ion intensities were counted on the flat topped peak with a mass resolution (10% valley) of about 5,000. The secondary ion signals attained stable levels within several minutes after starting the bombardment of the primary beam, and this level was generally maintained during the measurement. Background H contamination may be 1,000 counts/sec at 10-6 Pa on Si single crystal. The background intensity is below 20% of H count rate in this study.
Background C contamination is not observed on Si single crystal. Background N contamination is not observed on Si single crystal. 14C is not observed because of the low concentration of carbon in natural silicate. Problem with background 0 contamination from primary beam. Background counts are 1,000 counts/sec on Si single crystal with a few nano-amperes of primary beam at 10-6 Pa. The 0 signal from the sample is difficult to observe owing to the background.
SiO interference can be separated.
MgSi interference is absent because MgSi 21 intensity is not observed at m/e= 26.5.
Both SiH and Si02 interferences can be separated.
Ni interference is absent because 61Ni2+ interference is not observed at m/e =30.5. Zn interference is considered to be absent because of the low intensity of Zn.
SH interference is less than 0.1% of CI count rate. MgFe interference observed at m/e=40.5 is less than 5 counts/sec. Therefore, the interference is less than 10% of K count rate. MgFe interference is considered to be less than 50 counts/sec because of the counts at m/e=40.5. K interference is less than a few counts/sec and it is negligible. KH interference is less than 1% of Ca count rate. Total count rate of the interferences is less than 1% of Ca count rate. CaH interference is less than 10% of Sc count rate. TiH interference is less than 1% of Ti count rate.
VH interference can be separated.
CrH and FeH interferences are less than 0.1 and 5% of Mn count rate, re spectively. MnH interference is less than 0.01% of Fe count rate. Both FeH and NiH interferences are less than 1% of Co count rate.
CoH interference is less than 0.05% of Ni count rate. NiH interference is less than 10% of Cu count rate. CuH interference is less than 1% of Zn count rate. TiO and CrO interferences can be separated.
ZnH and CrO interferences are less than 1 and 10% of Ga count rate.
Interference mainly due to NiO. NiO interference may intense relative to Ge count rate. 
EPMA Analysis
The EPMA instrument used in this study is a computer-controlled electron probe X-ray micro-analyzer at the Chemical Analysis Center of the University of Tsukuba.
The EPMA system, which consists of a JXA50A (JEOL) main part and an ACPS XR (ELIONIX) controlling part, was used with an accelerating voltage of 15kV and a probe current of 0.014µA on a Faraday cage. A beam spot of about 1-2µm in diameter was used. Standards used were Si02 for Si, A1203 for Al , Ti02 for Ti, Cr2 03 for Cr, Fe2 03 for Fe, NiO for Ni, MnFe2 O4 for Mn, MgO for Mg,
CaSi03
for Ca, NaA1Si308 for Na, and KAlSi308 for K. The BENCE and ALBEE (1968) method was used to make quantitative analysis corrections.
Other experimental procedures were similar to those employed by NISHIDA et al. (1979) .
RESULTS
EPMA line analyses across the contact between the phenocrysts and the groundmass glass showed no detectable composition gradi ents for major elements on either side of the contact; the chemical compositions of each side are shown in Table 2 . This evidence shows that the equilibrium is achieved between the phenocryst rim and groundmass in both olivine and plagioclase groundmass systems. These equilibrium parts were also analyzed by SIMS. Relative secondary ion intensities for the phenocryst rim and the adjacent groundmass glass are listed in Table 3 . Table 1 summarizes the systematic examina tion of interferences to analytical peaks. The effects of interferences are less than 10%
(mostly 5%) of the objective monatomic ion intensities except for H, 0 and Ge, so that the correction for the interferences is neglected. Hydrogen background intensity may be below 20% of H peak. However, the correction for the background is neglected because the abso lute level is uncertain owing to lack of standards. Oxygen background level may be intense relative to oxygen peak from the samples. Germanium peak may be overlapped with NiO interference. Therefore, the secondary ion intensities for 0 and Ge are eliminated from the discussion below.
Quantitative chemical analysis using SIMS is still difficult because of the existence of various kinds of mutual interference in the emission of the secondary ions (SHIMIZU and HART, 1982) . However, some investigations have been made which indicate that an empirical approach is useful for the quantitative analysis for silicates (e.g. SHIMIZU et al., 1978; STEELE et al., 1981; RAY and HART, 1982) . The calibra tion curves reported previously show that the secondary ion intensities are generally propor tional to the concentration of the element for many major and trace elements. It has been reported that the secondary ion intensity of 1 H is proportional to the water content or OH concentration in minerals and glasses (HINTHORNE and ANDERSEN, 1975; DELANEY and KARSTEN, 1981) . Therefore, it is possible to consider that the relative secondary ion intensities (Table 3) are proportional to the concentration of the element and that the intensity of ' H indicates the concentration of OH in this study, although the background intensity may be below 20% (Table 1) .
Partition coefficient values calculated from the values in Tables 2 and 3 are listed in Table 4 and plotted in Figs. 1 and 2 . The partition coefficient (D) of a particular element is defined as the ratio : D = CS/CI, where CS is the con centration of the element in the solid at a particular stage, Ci is the concentration of the elements in the melt that is in equilibrium with the solid. RAY and HART (1982) recognized about 30% (in average) different yield for both major and trace elements between silicate glass and Ca-rich clino-pyroxene of the same com position. Such a matrix effect are probably recognized between the glass and the olivine or the plagioclase in this study. As shown in Table 4 , the relative ion intensity ratios of each major element normalized to the 28Si value for both olivine and plagioclase-groundmass systems have the values corresponding to the partition coefficients measured by EPMA within a 35% error. The error value does agree with the value of the matrix effect given in RAY and HART (1982) . The relative ion intensity ratios for trace elements are also consistent with partition coefficients reported previously (e.g., MATSUI et al., 1977; IRVING, 1978) , the only exception being the Ni value in the olivine groundmass system. The similar anomaly of Ni data is also reported by RAY and HART (1982) and it may be due to Ni contamination in the primary-ion beam as discussed by them. Values determined by using secondary positive-ion detection of SIMS . (*) Values determined by using sec ondary negative-ion detection of SIMS. f Standard deviation calculated from counting statics , which is larger than 5%. cally described by three crystallographically distinct sites, that is, sites for four-coordinated cations (T sites), six-coordinated cations (M sites), and anions (X sites). The basic plagio clase structure can be treated as though it has two kinds of cation sites, one for smaller Si and Al ions (T site) and the other for larger alkali or alkaline-earth ions (A site), and one kind of anion site (X site).
For both systems, the three peaks in the diagrams at the left, center, and right, obviously correspond to the T, M or A, and X sites of the crystal structures, respectively.
The peaks of the X sites are displayed for -1 and -2 valent ions in Figs . 1 and 2 , and are drawn so as to make the parabola-shaped lines as smooth as possible. The most important feature in both diagrams is that the positions of peak-tops for X sites do not coincide with positions of 02-, in other words, the optimum anion size for the X site is larger than the ionic radius of 02 for both olivine and plagioclase structures, when the peak-top positions in PC IR diagrams are assumed to represent optimum ion sizes for the crystallographic sites in the relevent mineral structure (ONUMA et al., 1968 ).
In the olivine-groundmass system, the peaks for the M sites are very similar in shape to those reported previously (MATSUI et al., 1977) . Phosphorus and arsenic are substituted to the T site of olivine structure (PAQUES-LEDENT and TARTE, 1974) . Silicon is the major element of the T site. The curve for Si, P, As and Al ions can be composed of one parabola for the T site, as predicted by MATSUI et al. (1977) , and the position of peak-top appears to be at the radius which is larger than that of Si. This observation is supported by the partition co efficient of Ge (0.5-0.7) between olivine and silicate melt (CAPOBIANCO and WATSON, 1982) . According to the diagram, the optimum cation for the T site in olivine has the size of As" 31 not Si4+. The synthetic arsenate olivines were reported by PAQUES-LEDENT and TARTE (1974) : although the details of the crystal structures have not been investigated.
The deviation from the smooth curve is observed in Zn2+, Cu2+ and Cr3+. The reason for the deviations of Zn2+ and Cr3+ are due to the tetrahedral pre ference of Zn ion in oxide compounds and the strong crystal field stabilization energies of Cr ion (MATSUI et al., 1977) . The deviation of Cu2+ is due to the well-known square plannar coordination preference of Cu ions, as ex emplified by the non-existence of the Cu2 Si04 with the olivine structure.
Copper ions can be substituted only less than 2.5% in the solid solution of the silicate olivine (SCHMITZ-DuMONT et al., 1966) .
In the plagioclase-groundmass system, it is also confirmed in this study that Ca and Na ions are a little too small to fit in A sites (HIGUCHI and NAGASAWA, 1969; JENSEN, 1973; MATSUI et al., 1977) .
In contrast to the olivine groundmass system, the optimum ion for the T site has the size of Si4+, and this difference is perhaps related to the corner-sharing tetrahe dral framework in the feldspar structure rather than the oxygen packing mode. The characteristics of partition patterns discussed above may derive the following con clusion:
(1) Partition patterns for cations observed in this study are consistent with the result of MATSUI et al. (1977) .
(2) The patterns for anions observed seem to indicate that the "crystal structure control" mechanism is applicable to anion sites.
